The edible fungus Agaricus bisporus has a great commercial value, and a considerable amount of research has been focused on optimization of large-scale cultivation of this mushroom crop. The crop is often, but not always, cultivated on a horse manure-based compost devoid of readily decomposable compounds. This compost, which is selective for A. bisporus contains only complex carbon and nitrogen sources. The ammonium content is very low, and since nitrate is not utilized as a nitrogen source by A. bisporus (2), nitrogen is mainly salvaged from a compost fraction known as the N-rich lignin-humus complex which partly consists of the microbial biomass which accumulates during the humification process (18) including symbiotic bacteria (14) .
The edible fungus Agaricus bisporus has a great commercial value, and a considerable amount of research has been focused on optimization of large-scale cultivation of this mushroom crop. The crop is often, but not always, cultivated on a horse manure-based compost devoid of readily decomposable compounds. This compost, which is selective for A. bisporus contains only complex carbon and nitrogen sources. The ammonium content is very low, and since nitrate is not utilized as a nitrogen source by A. bisporus (2) , nitrogen is mainly salvaged from a compost fraction known as the N-rich lignin-humus complex which partly consists of the microbial biomass which accumulates during the humification process (18) including symbiotic bacteria (14) .
Basic studies on nitrogen metabolism have been focused mainly on ammonium assimilation and the characterization of enzymes primarily involved in this pathway (2, 3, 43) . Little is known about the utilization of organic nitrogen sources. Protein can be utilized as the sole source of nitrogen and carbon (28) ; single amino acids, however, cannot support growth without an additional carbon source (2) . Proteinase activity is not repressed by ammonium in the presence of glucose as carbon source (28, 29) , but the catabolism of the peptides and amino acids generated by these proteinases is not well known. The fortuitous cloning of a partial cDNA encoding a ␥-glutamyl semialdehyde dehydrogenase, better known as ⌬ 1 -pyrroline-5-carboxylate dehydrogenase (P5C dehydrogenase), gave us the opportunity to monitor proline degradation in A. bisporus at the molecular level.
MATERIALS AND METHODS
Fungal strains and culture conditions, bacterial strains, DNA techniques, and chemicals. A. bisporus Horst U1 and its homokaryotic constituents, strains H39 and H97, were used from the collection of the Mushroom Experimental Station (Horst, The Netherlands). For DNA isolation, the strains were cultured on DT80 medium supplemented with glucose as carbon source (45) .
Escherichia coli LE392 (Promega, Madison, Wis.) was used for phage amplification and DNA isolation. E. coli DH5␣ (BRL; Bethesda Research Laboratories, Gaithersburg, Md.) was used for plasmid transformation and propagation.
Plasmid pUC19 (50) was used as vector for (sub)cloning and amplification of obtained DNA fragments. Standard DNA manipulations were carried out essentially as described by Sambrook et al. (41) . Restriction enzymes and other enzymes used for DNA manipulations were purchased from BRL and used according to the supplier's instructions. DNA sequences were determined manually with a T7 sequencing kit (Pharmacia Biotech, Uppsala, Sweden) or by using an ALFexpress DNA sequencer (Pharmacia Biotech) in combination with a Cy5 AutoRead sequencing kit (Pharmacia Biotech). Synthetic deoxyoligonucleotides used for sequencing were also purchased from Pharmacia Biotech. Probes were labelled by random priming using [␣-
32 P]dATP (13) . Cloning of the P5C dehydrogenase-encoding gene. A 3Ј-truncated pruA encoding cDNA was isolated from a cDNA library constructed from primordia and small fruit bodies from Horst U1 (11) and identified by sequence analysis in conjunction with a database search using the program Blast (19) . This truncated cDNA was subsequently used as a probe for the screening of a EMBL4 genomic library of A. bisporus H39 using conditions described before (43) . Positive plaques were purified and DNA was isolated by standard techniques. Hybridizing fragments were cloned and analyzed. An apparent full-length cDNA was obtained by screening the cDNA library with the truncated cDNA as probe.
Isolation of total genomic DNA and Southern blot analysis. Total DNA from fungal strains was isolated according to the method of De Graaff et al. (10) , digested with various restriction enzymes, separated on 0.8% agarose gels and transferred onto a Hybond-N hybridization transfer membrane (Amersham International plc., Amersham, United Kingdom). Preparation of A. bisporus chromosomal DNA and contour-clamped homogeneous electric field (CHEF) electrophoresis of intact chromosomes were performed as described elsewhere (46) with a Bio-Rad CHEF DrII system (Bio-Rad Laboratories Inc., Richmond, Calif.). The membranes were hybridized overnight in standard hybridization buffer (SHB; 6ϫ SSC, 5ϫ Denhardt's solution, 0.5% sodium dodecyl sulfate (SDS), and 100 g of herring sperm DNA per ml) (1ϫ SSC is 0.15 M NaCl and 0.015 M trisodium citrate, pH 7.0) at 65ЊC with a genomic 5.5-kb PstI fragment of pruA as a probe and washed at 65ЊC with a final buffer of 0.5ϫ SSC and 0.1% SDS.
Preparation of cell extracts and assay of enzyme activities. Freshly harvested fruit bodies were used for the isolation of mitochondria as described in reference 12 with modifications (15) . The content of the isolated mitochondria was released by an osmotic shock by resuspending the mitochondria in 0.1 mM Tris, pH 8.5. DL-⌬ 1 -pyrroline-5-carboxylic acid was purchased from Sigma (St. Louis, Mo.) as 2,4-dinitrophenylhydrazine hydrochloride double salt and purified as described elsewhere (38) . P5C dehydrogenase activity was measured (27) in 70 mM Tris (pH 8.5)-3 mM NAD ϩ -0.6 mM DL-P5C. Glucose-6-phosphate dehydrogenase (G6PD) and citrate synthase (CS) enzyme activities were determined in 50 mM PIPES [piperazine-N,NЈ-bis(2-ethanesulfonic acid)] (pH 7.5)-5 mM MgCl 2 -100 mM KCl. In addition, the G6PD assay mixture contained 0.5 mM NADP ϩ and 1 mM glucose-6-phosphate, and the CS assay mixture contained 1 mM oxaloacetate, 0.2 mM acetyl coenzyme A, and 0.5 mM 5,5Ј-dithio-bis(2-nitrobenzoic acid). The latter enzyme was assayed at 412 nm (ε ϭ 13.6 mM Ϫ1 cm
Ϫ1
). Protein concentration in extracts was determined after denaturation and precipitation of protein with sodium deoxycholate and trichloroacetic acid (4) using the bicinchoninic acid method as described by the manufacturer (Sigma).
Northern analysis. For determination of pruA expression levels in mature fruit bodies some fruit bodies of a first flush were freshly picked, immediately frozen in liquid nitrogen, and stored at Ϫ70ЊC. Others were quickly dissected into cap, stipe, and gill parts and various sections from those main parts before freezing. Mycelium was grown on plates containing commercially available and sterilized compost solidified with 1.5% agar and covered with a cellophane sheet. After 10 days of incubation at 24ЊC, colonies were collected and frozen in liquid nitrogen.
For determination of pruA expression levels in mycelium grown on defined nitrogen sources, mycelium of strain Horst U1 was pregrown on DT80 agar plates (43) and subsequently used to inoculate 250-ml Erlenmeyer flasks containing DT80 medium and 20 mM proline, glutamate, or ammonium phosphate as sole nitrogen source. The initial pH of the cultures was set at 6.8. The cultures were kept at 24ЊC for 15 days (ammonium and glutamate) or 20 days (proline) without shaking. The pH was measured at the end of cultivation, and pH values varied between 6.1 and 6.7. The cultures either were used directly or were shifted by addition of 20 mM ammonium phosphate, pH 6.8, and sampled at specific time points. For each measurement the mycelial mats of three individual cultures were pooled, harvested by filtration over nylon gauze, and immediately frozen in liquid nitrogen and stored at Ϫ70ЊC. Total RNA was isolated from all samples using TRIzol Reagent (BRL). The concentration of the RNA was determined spectrophotometrically. RNA samples were denatured with glyoxal and dimethyl sulfoxide by standard techniques, separated on a 1.6% agarose gel, and transferred to a Hybond-N membrane. The membranes were hybridized overnight at 42ЊC in SHB-50% formamide with the partial cDNA of pruA as probe and washed at 65ЊC with a final buffer of 0.5ϫ SSC-0.1% SDS. The size of the pruA transcript was determined by coelectrophoresis of an RNA molecular weight marker (BRL) which was stained separately with methylene blue after transfer (41) . Other membranes were hybridized with a partial cDNA specifying elongation factor 1␣ (44) or with a 1.9-kb BglII fragment of gdhA (43) (see Results). The membranes were stripped according to the supplier's instructions and rehybridized with a 900-bp EcoRI fragment encoding part of the 3Ј end of the 28S rRNA (43) to provide for a loading control.
Mycelial pruA mRNA levels were scanned densitometrically, and values obtained were estimated relative to the scanned 28S rRNA level.
The nucleotide sequence in Fig. 1 will appear in EMBL databases under accession no. X95584.
RESULTS
Characterization of the A. bisporus ⌬ 1 -pyrroline-5-carboxylate dehydrogenase-encoding gene. For rapid isolation of gene markers for the development of a genomic map of A. bisporus (42, 47) , we partially sequenced a number of cDNA clones from a Horst U1 primordium library and analyzed these sequences by a database search. One of these cDNAs was a 3Ј-truncated cDNA in which an internal XhoI site was fused to vector sequences and which appeared to encode a protein with considerable homology to ⌬ 1 -pyrroline-5-carboxylate dehydrogenases from the yeast Saccharomyces cerevisiae (35) and humans (22) , a mitochondrial protein involved in the second step of the conversion of proline to glutamate. The corresponding A. bisporus gene was therefore designated pruA for proline utilization. The partial cDNA was used as a probe to screen a EMBL4 genomic library of the homokaryotic strain H39 to resolve the genomic structure of the gene. Appropriate fragments were cloned from a positive phage and sequenced. The open reading frame would specify a polypeptide with a molecular mass of 59,757 Da interrupted by eight intervening sequences ranging from 41 to 59 bp. These putative introns in the coding region of the gene were confirmed by cloning and sequencing an apparent full-length cDNA clone. The 3Ј end of this cDNA was located 65 bp downstream of the TGA stop codon. At the 5Ј end two possible in-phase start codons separated by 17 amino acids precede the deduced reading frame. However, the nucleotides surrounding the most upstream start codon perfectly fit to the optimal consensus start sequence for highly expressed genes (34) , while nucleotides surrounding the second possible start codon do not. A possible TATA box starts at position Ϫ98 (39). In the 3Ј noncoding region of the transcript the sequence TACAAA is found starting 28 nt downstream of the stop codon, resembling the AATAAA consensus processing and polyadenylation signal sequence found in higher eukaryotes (reviewed in reference 24). The complete nucleotide sequence of the pruA gene and 555 nt upstream and 355 nucleotides downstream of the gene are shown in Fig. 1 . By CHEF analysis the pruA gene was localized on either chromosome III or chromosome IV of Horst U1 (results not shown). Being of similar lengths, these chromosomes cannot be resolved by CHEF analysis (46) . Definite assignment of pruA to chromosome IV was achieved by restriction fragment length polymorphism RFLP analysis of homokaryotic offspring (47) .
The overall amino acid sequence of the A. bisporus P5C dehydrogenase showed a high degree of sequence identity to yeast (35) pothetical P5C dehydrogenase from Bacillus subtilis (20) . A high degree of sequence identity was also found with the carboxy-terminal end of Escherichia coli and Salmonella typhimurium proline oxidases. The latter proteins are multifunctional enzymes harboring both proline oxidase and P5C dehydrogenase (37) . Furthermore, significant similarity was found with the aldehyde dehydrogenase superfamily (21) . The complete amino acid sequence of A. bisporus P5C dehydrogenase was aligned with those of S. cerevisiae and humans and the hypothetical P5C dehydrogenase from B. subtilis (Fig. 2) . The homology between A. bisporus P5C dehydrogenase and the yeast and human P5C dehydrogenase starts in between the first and the second methionine of the A. bisporus amino acid sequence, and regions of high sequence identity are found thereafter. Lower sequence identity is found with the putative B. subtilis P5C dehydrogenase. P5C dehydrogenases belong to the aldehyde dehydrogenase superfamily, and almost all the invariant residues found in aldehyde dehydrogenases (21) are conserved in these four semialdehyde dehydrogenases. However, compared to the other aldehyde dehydrogenases the yeast enzyme possesses two expansion segments of nine amino acid residues of which only the first expansion is also found in the A. bisporus, the human, and the B. subtilis enzyme. The Nterminal end of the A. bisporus enzyme is different from that of the yeast enzyme and that of the human enzyme. The yeast P5C dehydrogenase is a mitochondrial enzyme (35) and consequently is synthesized as a preprotein that is matured by removal of a 2-kDa signal sequence (30) . When the rules for mitochondrial import signals (16) are applied on the yeast sequence, the prediction is that the first 23 amino acids are in fact the mitochondrial import sequence. This type of analysis, however, did not reveal a mitochondrial import sequence in the A. bisporus protein.
The A. bisporus P5C dehydrogenase is cytosolic. The amino acid sequence analysis of the A. bisporus enzyme suggested a cytosolic localization. Therefore, we separated a cell extract from fruit bodies into a mitochondrial and a cytosolic fraction and assayed these fractions for P5C dehydrogenase activity with P5C as substrate. In addition, both fractions were assayed for glucose 6-phosphate dehydrogenase activity as cytosolic marker and for citrate synthase activity. This mitochondrial marker resides in yeast in the same compartment as P5C dehydrogenase. Our analysis showed that, while the citrate synthase activity was found completely associated with the mitochondrial fraction, P5C dehydrogenase activity was found only in the cytosolic fraction together with the glucose-6-phosphate dehydrogenase activity (Table 1) .
PruA is expressed in fruit bodies and not regulated by ammonium in the vegetative phase. Both the 3Ј-truncated and the apparent full-length pruA cDNA clone were isolated from a primordial cDNA library, indicating expression of this gene in fruit bodies. By simple light microscopy various differentiated cell types can be distinguished in the functionally different parts of a mature fruit body (49) . RNA was isolated from these differentiated tissues, and for comparison total RNA was also isolated from mycelium grown on sterilized compost. Peel tissue was taken from the upper half of the cap. However, since it is technically difficult to separate veil from peel tissue, the veil sample contains both tissues. The pruA cDNA probe hybridized with a transcript of about 1,700 nt, and Fig. 3 shows that this gene is expressed in cap, stem, and probably also, in veil tissue. Highest levels are found in the peel of the cap and the morphologically different cell layer directly beneath the peel. In contrast, expression was not detected in gills and in mycelium grown on sterilized compost. Another, otherwise identical membrane was hybridized with a partial cDNA specifying translation elongation factor 1␣. Equal expression of this gene was found in all assayed parts of a fruit body, and the levels were comparable to those in mycelium (Fig. 3) , indicating good growth of A. bisporus on sterilized compost. Cap, peel, stem, and gill tissue of mature fruit bodies and extracts from mycelium grown on compost plates were assayed for P5C dehydrogenase enzyme activity. The activities that were found were in agreement with the results obtained by Northern analysis. No P5C dehydrogenase activity was found in gill tissue and compost grown mycelium, while activities in cap and peel tissue were 28 and 25 nmol mg of protein Ϫ1 min Ϫ1 , respectively. The P5C dehydrogenase activity measured in stem tissue was 13 nmol mg of protein Ϫ1 min Ϫ1 , which is also in accordance with the lower pruA mRNA levels observed in that tissue if the mRNA levels of the upper and lower stem are averaged.
The steady-state pruA expression in vegetative mycelium was measured by Northern analysis in buffered liquid cultures with 20 mM proline, 20 mM glutamate, or 20 mM ammonium as phosphate salt as sole nitrogen source and 100 mM glucose as carbon source. In addition, 20 mM ammonium phosphate was added to proline-and glutamate-utilizing cultures, and pruA mRNA levels in these cultures were followed for 24 h. We also followed the response of the mycelial mats to addition of ammonium phosphate by hybridizing the same blots with a gdhA probe encoding NADP ϩ -dependent glutamate dehydrogenase (43) . The pruA probe again hybridized with a transcript of about 1,700 nt. The results also clearly indicated that the steady-state concentration of the pruA transcript was only moderately affected by the nitrogen source involved (Fig. 4) . The levels of pruA in mycelium with proline and ammonium as sole nitrogen source were similar, and no significant effects were seen after addition of 20 mM ammonium phosphate to proline-utilizing cultures. Densitometric scanning of the Northern blots revealed a two-to threefold-lower steady-state pruA mRNA level in glutamate-utilizing cultures, but this reduced expression level was not significantly changed by ammonium addition. The Northern blots, however, do show an ammonium-induced, 10-fold decrease of gdhA steady-state mRNA levels, indicating that the mycelial mats can sense the added ammonium quickly and respond to it (Fig. 4) . The proline-and ammonium-utilizing cultures were also assayed for P5C dehydrogenase activity. The activities were 24 and 15 nmol mg of protein Ϫ1 min
Ϫ1
, respectively, indicating that growth on ammonium does not lead to a significant reduction of enzyme activity, and this is in agreement with the results obtained by Northern analysis.
DISCUSSION
Systematic breeding of the mushroom crop A. bisporus is hampered mainly by the secondarily homothallic life cycle of this fungus, which leads to a very low level of homokaryotic spores (40) and an apparent low frequency of recombination events (32) . For an efficient introduction of commercially important traits from the now available diverse germplasm (31) to the present strains, a detailed genomic map is needed that links genomic markers to these traits. For the construction of a gene-based genomic map of the hybrid strain Horst U1 and to increase our knowledge of the molecular biology of A. bisporus, we have used a primordial cDNA library as a source of gene markers and simply characterized a number of cDNA clones by partial sequence determination in combination with a database search. One of these cDNAs was an apparent 3Ј-truncated cDNA specifying a protein with significant homology to ⌬ 1 -pyrroline-5-carboxylate dehydrogenase from the yeast S. cerevisiae and humans. The proline utilization pathway has been studied thoroughly in this yeast and in the filamentous fungus A. nidulans (reviewed in references 6 and 17). As we already knew that other aspects of nitrogen metabolism were different in A. bisporus (3, 29, 43) , this was a good opportunity to compare at least one step of the proline utilization pathway with the corresponding one in ascomycetes. The complete gene was therefore cloned from a homokaryotic strain. The amino acid sequences of the A. bisporus and the yeast and human P5C dehydrogenases showed a high level of identity with 50 and 46% identical amino acids, respectively. However, no N-terminal mitochondrial import signal was found in the basidiomycetous gene, and this was confirmed by the findings that P5C dehydrogenase was found exclusively in the cytosolic fraction. The respiratory competence of the isolated mitochondrial fraction (12, 15) and the complete absence of citrate synthase in the cytosolic fraction indicated that intact mitochondria were isolated.
P5C is not only a substrate for P5C dehydrogenase but also an intermediate in NADPH-dependent cytosolic proline biosynthesis mediated by P5C reductase. P5C reductases are entirely different enzymes that share no significant sequence identity or similarities with P5C dehydrogenases (9) . Therefore, it has been suggested that the separation of catabolic and biosynthetic enzymes in yeast prevents futile cycling (7) . The A. nidulans P5C dehydrogenase enzyme, however, appears to be cytosolic (1) and futile cycling can be reduced considerably by strict control of gene expression, as is the case for the structural genes of the proline utilization pathways of S. cerevisiae and A. nidulans. They are induced by the product of the PUT3 gene (5) and the prnA gene (23), respectively, which are activated in some way by an increased intracellular proline concentration. FIG. 4 . Northern blot analysis of pruA and gdhA mycelial transcripts. Total RNA was isolated from A. bisporus Horst U1 mycelium grown on proline (Pro), ammonium phosphate (Am), or glutamate (Glu) as sole nitrogen source. To the proline-and glutamate-utilizing cultures, 20 mM ammonium phosphate, pH 6.8, was added and expression of pruA and gdhA was monitored over time. Pro and Glu lanes 1, total RNA isolated before addition of ammonium phosphate; Pro and Glu lanes 2 to 5, total RNA isolated 2, 4, 8, and 24 h after addition of ammonium phosphate. The blots were rehybridized with a 28S rDNA fragment to provide for a loading control.
The characterized general and specific proline transporters of yeast (25, 26) and A. nidulans (48) are regulated by the nitrogen source such that proline cannot be imported in the presence of a repressing nitrogen source like ammonium and regulation of the structural genes via inducer exclusion can thus be envisaged. The yeast and A. nidulans structural genes are, however, in addition nitrogen repressed by the GLN3 (8) and areA (36) gene products, respectively, and nitrogen repression by itself accounts for a fourfold decrease of expression of the yeast PUT2 gene (6, 8) .
For presently unclear reasons, tissue-specific control of pruA expression is seen between gills and other parts of a fruit body of A. bisporus. In addition, no detectable pruA expression and enzyme activity was found in mycelium grown on sterilized compost, which by its nature is probably devoid of simple inducers for the system. On the other hand, it is also possible that compost contains repressors for the system. Northern analyses of total RNA from A. bisporus mycelium utilizing various simple nitrogen sources did show pruA expression. However, no ammonium-induced nitrogen metabolite repression of the steady-state mRNA level of pruA was observed. Enzyme activities were also not significantly reduced in ammonium-utilizing cultures, whereas the same RNA samples did show a 10-fold-decreased gdhA steady-state mRNA level in the presence of ammonium, which also appeared to be quickly sensed by the organism since the reduced gdhA steady-state mRNA level was already obtained 2 h after an ammonium shift.
Kalisz et al. (29) found that added protein is degraded and that concomitantly ammonium is secreted by A. bisporus even in the presence of ammonium and glucose. We also observed a significant ammonium increase in the medium if casein or albumin was used as sole carbon and nitrogen source (33) . The simplest explanation is that this increase results from uptake and subsequent degradation of amino acids by A. bisporus which appears to be independent from the presence of ammonium in the medium. This suggests that regulation through inducer exclusion does not work in this system and suggests that at least some of the imported amino acids and peptides are also used and might even be preferred as carbon source.
